Abstract-Shallow narrow ridge two-stage cascade GaSb-based type-I quantum well diode lasers emitting at λ ≈ 3 μm were designed and fabricated. Efficient carrier recycling improved the device power conversion and slope efficiencies as compared with the standard multiple quantum well diode lasers. Devices generated more than 100 mW of continuous-wave output power in nearly diffraction limited beam at room temperature. Studies of the current dependence of the modal gain spectra confirmed increased tendency to lateral current spreading in cascade laser heterostructures as compared with the regular diode lasers.
I. INTRODUCTION

C
OMPACT lasers emitting near and above 3 μm are critical components of various spectroscopic sensors. Corresponding systems favor laser sources operating efficiently in continuous-wave (CW) regime at room temperature (RT). Diffraction limited narrow ridge semiconductor lasers with integrated frequency selective cavity elements address this demand. Narrow ridge GaSb-based type-I quantum well (QW) diode lasers emitting near 3 μm have been reported [1] - [5] . Fabrication of the deep etched narrow ridge waveguides often leads to enhancement of the laser internal optical loss. A shallow etching of the ridge waveguide can minimize sidewall scattering and absorption loss but can promote lateral current spreading. Peculiarities of this tradeoff in application to type-I QW GaSb-based diode lasers emitting near 3 μm were studied in our research group [4] , [5] . It was shown that the devices with ∼5-μm-wide ridge waveguides demonstrated the minimal transparency and threshold current densities when etched all the way to the interface between top cladding and waveguide core -deep etched ridge. At the same time the minimum losses and maximum output power levels were obtained for shallow ridge devices when etching stopped in the top cladding ∼300 nm above the waveguide core. Corresponding laterally coupled distributed feedback lasers emitting near 3.27 μm in the methane absorption band demonstrated record ∼ 15 mW CW operations at 17°C [6] . The output power and efficiency of those and similar devices were primarily limited by the efficiency of laser heterostructure. Cascade pumping of the several gain sections is capable of improving the device efficiency through carrier recycling. Moreover, in the case of intersubband and type-II interband lasers it essentially enabled CW RT operation [7] , [8] of the corresponding devices.
Recently, we demonstrated that cascade pumping scheme is compatible with GaSb-based type-I QW diode lasers and its utilization leads to increased device efficiencies and output power levels [9] , [10] . By 2015, our research group has reported two generations of the cascade edge emitting diode lasers. In the first generation the possibility of 100% efficient carrier recycling between two standard diode gain sections was demonstrated, resulting in increased output power levels of 2.4 -3 μm multimode [9] , [11] and single spatial mode 3.15 μm lasers [12] . In the second generation of the cascade diode lasers the active region was optimized to improve threshold and power conversion efficiency further. That led to further enhancement of the output power of multimode broad stripe lasers [11] , [13] .
In this letter, we report on design, fabrication and characterization of the narrow ridge lasers operating near 3 μm and based on the second generation of cascade diode laser heterostructure design. Parent 100-μm-wide broad ridge lasers generated in excess of 600 mW CW at RT with peak power conversion efficiency of ∼16% [13] . Shallow narrow ridge lasers were fabricated using the inductively coupled plasma reactive ion etching (ICP-RIE) process. A 5-μm-wide ridge 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. waveguide with nearly vertical sidewalls was obtained leading to limited if any optical loss penalty. The devices generated more than 100 mW of CW output power at RT in nearly diffraction-limited beam. This corresponds to more than a twofold improvement over the previous state-of-the-art. The laser peak power conversion efficiency (PCE) was about 9.7%. Enhanced current spreading resulting from a vertical transport barrier present in cascade pumping scheme can explain the somewhat reduced PCE of single mode narrow ridge as compared to multimode wide ridge lasers.
II. DEVICE FABRICATION
The two-stage cascade laser heterostructures were grown by solid-source molecular beam epitaxy on Te-doped GaSb substrates. The laser heterostructure (see [13] for details) contained two densely stacked single QW gain stages connected in series by means of a tunnel junction. The optical confinement factor was nearly doubled as compared to the first generation of GaSb-based cascade diode lasers. As a result, the differential gain was improved leading to record low values of the threshold current density (∼100 A/cm 2 ) of broad ridge multimode devices [13] . The 5-μm-wide narrow ridge waveguide (Figure 1 ) was defined by BCl 3 /Cl 2 -based ICP-RIE using Si 3 N 4 etching mask. Dry etching was performed in Oxford Plasmalab 100 System using recipe detailed in Table I . Figure 1 shows an SEM image of as cleaved device facet. A 5-μm-wide ridge waveguide with nearly vertical and smooth sidewalls was obtained. Recently we reported on shallow ridge devices fabricated by SiCl 4 -based ICP-RIE [12] yielding not so vertical sidewalls with apparent roughness. Our analysis demonstrated that imperfections of sidewall geometry led to extra optical losses despite a shallow etching profile. The improved etching control offered by process used in this letter led to minimal optical loss penalty similar to what we previously achieved using chlorine-free methane-based RIE ICP [5] but without the critical voltage penalty that accompanied the methane-based process.
The uncoated 1-mm-long devices were indium soldered epi-side up for characterization in pulsed regime for minimal Joule heating effect. The anti/high reflection (AR/HR = ∼3%/∼95%) coated 2-mm-long devices were indium soldered epi-side down for improved heat removal in the CW measurement regime. Figure 2 plots the normalized light-current characteristics (output power per facet per unit width of the ridge versus nominal current density) measured in the pulsed regime (200 ns/100 kHz, 17°C) for the 5-μm-and 100-μm-wide ridge devices [13] . Narrow ridge lasers demonstrated five to six fold increase of the nominal threshold current density and about 25% decrease of slope efficiency as compared to the broad ridge devices based on the same heterostructure. Increase of the nominal threshold current density with narrowing of the ridge width was previously observed in standard (not cascade) diode lasers. However, this effect is more pronounced for the cascade diode lasers reported in this letter. We speculate that the enhanced lateral current spreading accounts for the strong increase of nominal threshold current density of the cascade devices. This scenario was supported by the results of optical gain measurements reported below.
III. RESULTS AND DISCUSSION
The current dependences of the laser modal gain spectra ( Figure 3) were measured for 100-μm-and 5-μm-wide lasers by the Hakki-Paoli method [14] . Spatial filtering optics was used to select amplified spontaneous emission (ASE) of the mainly fundamental mode of broad ridge waveguide lasers. No spatial filtering was required to obtain high contrast ASE spectra for 5-μm-wide ridges confirming a nearly single spatial mode for under-threshold operation. The total loss, estimated from the long wavelength part of the modal gain spectra, was about 21 cm −1 for both 100-μm-and 5-μm-wide 1-mm-long uncoated lasers. The internal optical loss of 9 cm −1 can be estimated independently of the ridge width. Hence, the lateral mode confinement achieved by shallow narrow ridge fabrication by BCl 3 /Cl 2 -based ICP-RIE (Table I) leads to small if any optical loss penalty. Then Figure 2 data imply ∼25% lower internal efficiency in narrow ridge lasers as compared to wide ridge ones. This can be explained by lateral current spreading leading to about 25% lateral mismatch between current path and laser mode dimensions. Strong current spreading can also explain the large difference in nominal threshold current densities between narrow and wide ridge lasers. The difference allows an estimate of the actual lateral size of the current path in narrow ridge lasers to be about 30 μm near threshold though the etched ridge width is about 5-μm (Figure 1 ). The comparison of the below-threshold modal gain spectra measured for narrow and wide ridges support this estimation. Figures 3a and 3b plot two nearly identical sets of modal gain spectra measured for narrow and wide ridge lasers. Since there is no reason to suspect any difference in modal optical confinement between narrow and wide ridge lasers the same [4] , [5] gain spectral shape implies the same QW carrier concentration or, equivalently, QW recombination current density. Thus, for instance, ∼100 mA of current flowing through 100-μm-wide device corresponds to the same QW current density of 5-μm-wide ridge laser with ∼35 mA of current (Figure 3) . This supports the estimate of a ∼30-μm-wide current path in narrow shallow ridge lasers. The current spreading at lower currents near transparency is bigger as can be expected from nonlinear current-voltage characteristics of laser diodes. Table II shows the comparison of transparency and threshold current densities of several uncoated 1-mm-long 100-and ∼5-μm-wide ridge lasers. The table compares the values measured for two-stage λ ∼ 3 μm cascade devices discussed in this article with those measured for λ ∼ 3 μm standard diode lasers. Data for diode lasers are presented for deep [4] and shallow [5] narrow ridge devices. Deep etched (down to top of the undoped waveguide core) devices [4] demonstrate modest increase of the nominal transparency and threshold current densities in narrow versus wide ridge lasers. Most of the threshold current increase is accounted for an extra 8 cm −1 of internal loss -the penalty paid for strong current confinement. Shallow etched devices (200-300 nm of p-cladding left) [5] demonstrate minimal if any optical loss penalty but show increased nominal transparency and threshold current densities. Two-stage cascade devices with a shallow narrow ridge waveguide suffer from a twice stronger current spreading compared to devices based on standard (not cascade) diode laser heterostructure. The lateral current spreading enhancement results from the presence of the band-to-band tunnel junction in the vertical current path and is expected to become more severe with further increase of the number of cascades. Similar issues were encountered by other research group in the course of design optimization of the single frequency type-II interband cascade lasers [15] . Double-step etching profile was proposed and demonstrated to minimize the current spreading effect on parameters of those lasers. A similar approach can be utilized to further improve power end efficiency of the single mode type-I QW cascade diode lasers. The analysis of the Figure 2 and 3 data as well as near field measurement performed for shallow narrow ridge lasers [6] imply that a deep-etched ridge width of 20-25 μm would nearly match the current stripe to lateral mode size formed by a ∼5-μm-wide shallow ridge. Figure 4 plots light-current-voltage characteristics measured in the CW regime at 17°C for the AR/HR coated 2-mm-long shallow narrow ridge devices. The CW output power reached 107 mW at ∼900 mA. It should be noted that chlorine-based ICP RIE methodology utilized in this letter does not produce excessive voltage penalty as was previously observed in the case of methane-based process [5] . Device PCE peaked at the value 9.7% near 250 mA. The inserts to Figure 4 show the laser spectrum and the far-field patterns. The current-independent single lobe far-field pattern confirmed stable single spatial mode operation above threshold. The beam divergence angles were ∼8°and ∼69°f ull-width-at-half-maximum (FWHM) in the slow and fast axis directions, respectively.
IV. CONCLUSION
Shallow narrow ridge two-stage cascade diode lasers emitting near 3 μm were designed and fabricated by BCl 3 /Cl 2 -based ICP-RIE. The dry etching produced narrow ridge waveguides with nearly vertical sidewalls. Narrow ridge lasers neither demonstrated increased internal optical loss nor excessive operating voltage. The optimized cascade heterostructure with densely packed two gain stages was used to improve the overall laser efficiency and output power level. The 2-mm-long AR/HR coated lasers demonstrated more than 100 mW of nearly diffraction-limited output power in the CW regime at 17°C, which is more than a twofold increase from the previous state-of-the-art. The enhanced lateral current spreading in the cascade structure explained the increased nominal threshold current density and somewhat compromised efficiency as compared to reference wide ridge multimode lasers.
